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Altered expression of the IGF2-H19 locus and mitochondrial
respiratory complexes in adrenocortical carcinoma
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Abstract. Abnormalities of the insulin-like growth factor
2 (IGF2)-H19 locus with the overexpression of IGF2 are
frequent findings in adrenocortical carcinoma (ACC).
The present study assessed the expression of RNAs and
microRNAs (miRNAs/miRs) from the IGF2-H19 locus using
PCR-based methods in ACC and adrenocortical adenoma
(ACA). The results were associated with proteomics data.
IGF2 was overexpressed in ACC, and its expression correlated
with that of miR-483-3p and miR-483-5p hosted by IGF2.
The downregulated expression of H/9 in ACC compared
to ACA correlated with miR-675 expression hosted by H19.
Several proteins exhibited an inverse correlation in expression
and were predicted as targets of miR-483-3p, miR-483-5p
or miR-675. Subsets of these proteins were differentially
expressed between ACC and ACA. These included several
proteins involved in mitochondrial metabolism. Among the
mitochondrial respiratory complexes, complex I and IV were
significantly decreased in ACC compared to ACA. The protein
expression of NADH:ubiquinone oxidoreductase subunit C1
(NDUEFC1), a subunit of mitochondrial respiratory complex I,
was further validated as being lower in ACC compared to
ACA and normal adrenals. The silencing of miR-483-5p
increased NDUFCI protein expression and reduced both
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oxygen consumption and glycolysis rates. On the whole, the
findings of the present study reveal the dysregulation of the
IGF2-H19 locus and mitochondrial respiration in ACC. These
findings may provide a basis for the further understanding of
the pathogenesis of ACC and may have potential values for
diagnostics and treatment.

Introduction

Adrenocortical carcinoma (ACC) is a rare, yet highly aggres-
sive tumor type (1). In addition to gross genomic alterations,
mutational events in several key genes involved in the 3-catenin
pathway (e.g., CTNNBI and ZNRF3), the p53/Rb pathway (e.g.,
TP53, CDKN2A and RBI) and chromatin remodeling (e.g.,
MENI, TERT and DAXX) are associated with ACC tumori-
genesis (1-3). The overexpression of insulin-like growth factor
(IGF) II and the IGF?2 gene is observed in the majority of
ACC; however, this does not occur in adrenocortical adenoma
(ACA) or normal adrenal glands (4-6).

The IGF2 gene is located within 90 kb from the HI9 gene in
chromosomal region 11p15.5 (7). H19 produces an untranslated,
yet spliced and polyadenylated transcript with possible tumor
suppressor function (8), and /GF2 encodes the growth factor,
IGFII. The IGF2-H19 locus is subjected to parental imprinting,
which is frequently lost in cancer by the loss of imprinting,
leading to the overexpression of /GF2/IGFII (9-11). Furthermore,
IGFII has been reported to promote malignant transformation in
the mammary gland in vivo (12). However, it has not been found
to exert an effect on the tumor phenotype in vitro (13), and only
mildly contributes to the development of ACC in vivo (14,15).
Given that IGFII acts on the IGF1 receptor (IGF1R), the appli-
cation of an IGFIR blocker has been attempted in anticancer
therapy to counteract IGFII signaling in ACC (16-21). In ACC,
H19 expression has been reported to be decreased as compared
to that in ACA (6), while IGF2/IGFII expression is known to be
markedly increased in the vast majority of ACC cases (4,6,22-24).
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MicroRNAs (miRNAs/miRs) are short non-coding RNAs
that generally suppress the expression of target genes by
mRNA degradation or translational repression (25). Three
miRNAs are known to be transcribed from the IGF2-HI9
locus, i.e., miR-483-3p and miR-483-5p from IGF2 intron
7, and miR-675 from HI9. miR-483-3p is overexpressed in
different tumor types, including ACC (13,26-28). Furthermore,
the p53 upregulated modulator of apoptosis (PUMA) is a target
of miR-483-3p, and the inhibition of miR-483-3p inhibits
proliferation and increases apoptosis in vitro, and tumorige-
nicity in vivo (13,27). miR-483-5p is also overexpressed in
ACC (26-29) and their inhibition in vitro reduces cell growth,
although it does not affect the apoptosis of ACC cells (27). On
the other hand, miR-483-5p has been shown to regulate the
N-Myc downstream-regulated gene 2 and promote the inva-
sion of ACC cells (30). Notably, miR-483-5p is detectable in
serum samples of patients with ACC, and its high expression
level is associated with a degree of malignancy and a poor
survival (31-33). The overexpression of miR-675 has been
reported in various types of cancer, e.g. gastric, colorectal,
esophageal and breast cancer (34-37); however, the decreased
expression has also been observed in non-small cell lung
cancer (38). In adrenocortical tumors, miR-675 has only been
analyzed in a small cohort of 13 patients (4 patients with ACC
and 9 patients with ACA), while the significance of its deregu-
lation in ACC remains to be investigated (39).

The present study aimed to comprehensively characterize
the expression of RNAs and miRNAs generated from the
IGF2-HI9 locus in adrenocortical tissues and associate their
expression levels with global protein expression profiles in
ACA and ACC. The analysis revealed the expression of several
proteins involved in mitochondrial respiratory complexes that
inversely correlated with the miR-483-5p level. Functionally,
miR-483-5p was demonstrated to regulate the expression of
the NADH:ubiquinone oxidoreductase subunit C1 (NDUFC1)
and the mitochondrial oxygen consumption rate.

Materials and methods

Tissue material. Fresh-frozen tumor tissues were obtained
from the Karolinska University Hospital Biobank for patients
treated surgically for ACC (n=35) or ACA (n=43) between
1986 and 2010. Tumors were classified according to the WHO
criteria (40). In addition, normal adrenal gland samples were
obtained from patients undergoing nephrectomy for other
reasons, or from patients with adrenocortical tumors, and
histologically verified as non-malignant. The samples were
obtained with informed consent and the study of the tissue
material was approved by the Ethical Committee of the
Karolinska University Hospital.

The clinical information for all cases is presented in
Table SI. The screening series included 6 cases with ACA and
8 cases with ACC used for proteomics analysis in a previous
study by the authors (41). An extended series of samples from
nine normal adrenal glands, 43 ACA and 29 ACC (30 samples)
was used for the reverse transcription-quantitative PCR
(RT-gPCR) analysis of RNAs and miRNAs. The results from
the quantification analyses of miR-483-3p and miR-483-5p
have been previously published for most cases (27).
Additionally, samples from 13 normal adrenal glands, 25 ACA

and 25 ACC (29 samples) were used for western blot analyses.
The ACA and ACC cases included in the different analyses are
presented in Table SI.

Data analysis from TCGA and genotype-tissue expression
(GTEx). Comparisons of IGF2 or HI9 RNA expression levels
between ACCs and normal adrenal glands, and principal
component analysis (PCA) were performed in Gene Expression
Profiling Interactive Analysis [GEPIA; (42)]. The RNA expres-
sion levels were based on the RNA sequencing expression data
of 77 ACC cases from The Cancer Genome Atlas (TCGA) and
128 normal adrenal glands from GTEx. PCA was performed
using the 46 genes whose proteins inversely correlated with
miR-483-5p and significantly differentially expressed between
ACA and ACC (P<0.05, Table SII). Correlations between
the expression of IGF2 and HI19, IGF2 and miR-483-3p or
miR-483-5p, HI9 and miR-675 were assessed in the StarBase
Pan-Cancer Analysis Platform (43). This platform includes RNA
and miRNA sequencing data of 79 ACC samples from TCGA.

Cell line and cell culture. All in vitro cell assays were
performed using the NCI-H295R ACC cell line purchased from
the American Type Culture Collection (cat. no. CRL-2128;
ATCC). The cells were maintained in DMEM:F12 medium
(cat. no. 31330038; Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 2.5% NuSerum Growth medium (Corning
355100; Thermo Fisher Scientific, Inc.) and 1% insulin-trans-
ferrin-selenium basal medium supplement (cat. no. 41400045;
Thermo Fisher Scientific, Inc.). The cells were incubated at
37°C in a humidified CO, incubator. The authenticity of the
cell line was re-verified prior to the experiments by genotyping
of short tandem repeats (STRs) performed by the National
Genomics Infrastructure-Uppsala (SciLifeLab, Uppsala
University, Uppsala, Sweden). The NCI-H295R cell line is the
only human ACC cell line that is capable of secreting major
adrenocortical steroids (44), representing the cellular origin
of ACC cells, and it is the most extensively used cell line in
in vitro models of ACC.

RT-gPCR analysis. The expression levels of mature miRNAs
and RNAs were evaluated using RT-qPCR with an Applied
Biosystems 7900HT Fast Real-Time PCR System (Applied
Biosystems; Thermo Fisher Scientific, Inc.). cDNA for miRNA
analysis was synthesized from 25 ng total RNA using the
TagMan MicroRNA Reverse Transcription kit (Applied
Biosystems; Thermo Fisher Scientific, Inc.). miRNA assays for
miR-483-3p (ID 002339), miR-483-5p (ID 002338) and miR-675
(ID 002005) were purchased from Applied Biosystems (Thermo
Fisher Scientific, Inc.) and normalization was performed
using RNU6B (ID 001093). The high Capacity cDNA Reverse
Transcription kit (Applied Biosystems; Thermo Fisher Scientific,
Inc.) was adopted to generate cDNA from 100 ng total RNA for
RNA expression analysis and specific TagMan probes targeting
IGF2 (ID 00277496_s1) and HI9 (ID 00399293_gl) were used
for RT-qPCR. Normalization was performed using /8S (ID
99999901). All TagMan probes were labeled with FAM-MGB
(Applied Biosystems); the reverse transcription and gPCR condi-
tions followed the manufacturer's instructions. All reactions were
performed in triplicate and the relative expression levels were
determined using the AAC, method and reported as 2444 (45).
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Proteomics data analysis. Proteomics profiling for 6 cases
of ACA and 8 cases of ACC in the screening series has been
described in a previous study by the authors (41). The protein
expression levels of the screening series were correlated with
their corresponding IGF2, HI19, miR-483-3p, miR-483-5p
and miR-675 transcripts using Pearson's correlation analysis.
The mRNA targets of miR-483-3p, miR-483-5p and miR-675
were predicted using TargetScan 7.1 (https:/www.targetscan.
org/vert_71/). Ingenuity pathway analysis of complex ‘omics’
data (IPA; IPA version 14400082; Ingenuity® Systems, www.
ingenuity.com) was employed to assess the theoretical inter-
actions and cellular networks of the proteins that correlated
with IGF2.

Gene ontology (GO) enrichment analysis. The gene signature
corresponding to the 46 proteins that inversely correlated
with miR-483-5p, and significantly differentially expressed
between ACA and ACC in the proteomics cohort (Table SII)
was annotated based on biological processes using GO enrich-
ment analysis (http://geneontology.org/). The analysis was
based on the PANTHER overrepresentation test (released on
August 3, 2019; http:/www.pantherdb.org/) and the GO data-
base (released on February 2, 2019). P-values <0.05 following
the Bonferroni correction were considered to indicate statisti-
cally significant differences.

Transfections with miRNA inhibitors. Transfections were
performed by suspending 3x10° NCI-H295R cells in 100 ul
Ingenio solution (Mirus Bio) together with 100 pmol mirVana
miR-483-5p inhibitor, miR-483-3p inhibitor or Negative
Control #1 (MH12629, MH12478 and 4464076, respec-
tively; Thermo Fisher Scientific, Inc.) in Ingenio cuvettes
(MIR50121; Mirus Bio). The cells were electroporated
using the program T-20 of the Amaxa Nucleofector device
(Lonza Group, Ltd.) and then transferred into a culture plate
containing pre-warmed complete DMEM:F12 medium. The
plate was incubated at 37°C in a humidified CO, incubator.
The cell culture medium was replaced at 24 h post-transfection
and harvested for metabolic profiling or western blot analysis
following 48 h of transfection. At least three biological repli-
cates were performed for each transfection. The efficiency of
miR-483-5p silencing was assessed using RT-qPCR.

Real-time metabolic profiling. Mitochondrial and glycolytic
functions were measured using the Mito Stress Test and
Glycolysis Stress Test, respectively (Agilent Technologies, Inc.)
using the Seahorse XFe24 Analyser (Agilent Technologies,
Inc.). The transfected cells were seeded at 1.5x10/well in
24-well plates (Seahorse XF24 V7 PS Culture Microplates,
Agilent Technologies, Inc.). The culture media were replaced
after 24 h and incubated for a further 24 h at 37°C. Culture
media were changed to the Seahorse XF Base Medium (Agilent
Technologies, Inc.) supplemented with 5.5 mM glucose, 1 mM
L-glutamine and 1 mM sodium pyruvate at pH 7.4 and incubated
at 37°C with CO, for 1 h. For the evaluation of mitochondrial
respiration, the oxygen consumption rate (OCR) was measured
at the basal level and following sequential loading with 1 xM
oligomycin (ATP synthase inhibitor), 0.5 uM carbonyl cyanide
p-trifluoromethoxy-phenylhydrazone (FCCP, an uncoupler of
oxidative phosphorylation), 1 #M rotenone and antimycin A

INTERNATIONAL JOURNAL OF ONCOLOGY 61: 140, 2022 3

(complex I and IIT inhibitor, respectively). For the assessment
of glycolysis, the extracellular acidification rate (ECAR) was
analyzed at basal conditions and after sequential loading with
1 uM oligomycin (inhibiting ATP synthase in the mitochon-
dria leading to enhanced glycolysis dependency), and 50 mM
2-deoxyglucose (2-DG, a competitive inhibitor of glucose).
Both OCR and ECAR were normalized to the total protein
content in each well as measured using the Bradford assay
(Bio-Rad Laboratories, Inc.).

Western blot analysis. Cell pellets or tissue samples were
suspended in RIPA lysis and extraction buffer (cat. no. 89901,
Thermo Fisher Scientific, Inc.) supplemented with 1 mM
phenylmethanesulfonyl fluoride (PMSF; Sigma-Aldrich;
Merck KGaA), 1% cOmplete™ proteinase inhibitor cocktail
(Sigma-Aldrich; Merck KGaA) and 1% phosphatase inhibitor
cocktail 2 and 3 (Sigma-Aldrich; Merck KGaA). The lysates
were vortexed repeatedly and left on ice for 60 min or until
homogenization. The protein concentration was quantified
using the Bradford assay (Bio-Rad Laboratories). Denatured
lysates (40 pug) were separated in 10% NuPAGE™ Bis-Tris
denaturing pre-cast gels (Invitrogen; Thermo Fisher Scientific,
Inc.) and transferred onto nitrocellulose membranes (cat.
no. 88013, Thermo Fisher Scientific, Inc.) at 4°C. The
membranes were blocked in 5% BSA or 1% non-fat dried milk
(for total OXPHOS WB) in TBS containing 0.1% Tween-20
(Sigma-Aldrich; Merck KGaA). The membranes were then
incubated overnight at 4°C with the primary antibodies,
anti-NDUFCI1 (cat. no. PA5-68240; Thermo Fisher Scientific,
Inc.) at a 1:500 dilution and total OXPHOS WB Antibody
Cocktail (ab110413, Abcam) at a 1:250 dilution. Anti-f3-actin
(A1978, Sigma-Aldrich; Merck KGaA) diluted to 1:2,500
was used for normalization purposes. IRDye 800CW goat
anti-mouse IgG (LI-COR Biosciences) at a 1:10,000 dilu-
tion or HRP-conjugated goat anti-rabbit IgG (cat. no. 31466,
Invitrogen; Thermo Fisher Scientific, Inc.) at a 1:2,000 dilution
or goat anti-mouse IgG (cat. no. 62-6520 Invitrogen; Thermo
Fisher Scientific, Inc.) at a 1:10,000 dilution were used as
secondary antibodies. Novex Sharp pre-stained protein stan-
dard (LC5800, Thermo Fisher Scientific, Inc.) and Precision
Plus Protein All Blue protein standards were used as molecular
weight markers. Chemiluminescent signals were detected
using the SuperSignal™ West Femto Maximum Sensitivity
Substrate (cat. no. 34096, Thermo Fisher Scientific, Inc.) and
the Odyssey Fc imaging system (LI-COR Biosciences) and
quantified using Image Studio Lite 5.2 software (LI-COR
Biosciences).

Statistical analyses. Statistica 10.0 (StatSoft, Inc., Tulsa, OK)
or IBM SPSS Statistics version 24.0 (IBM Corp., Armonk,
NY) was used for all statistical analyses, unless otherwise
specified. Differences in expression levels between two sample
groups were calculated using the Mann-Whitney U-test or the
Student's t-test. One-way ANOVA with post hoc Tukey's test
was used to compare the three transfection conditions for the
metabolic assays. Correlations between /GF2 and HI9 and
miRNA (miR-483-3p, miR-483-5p and miR-675) expression
levels were assessed using Spearman's rank order correla-
tion analysis. Difference in NDUFC1 levels in transfection
experiments were evaluated using the Student's t-test. All
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Figure 1. Expression from the /GF2-H19 locus in adrenocortical tumors and normal adrenals. (A) Schematic illustration of the /GF2-HI19 locus in human
chromosomal region 11p15.5. The IGF2 gene generates the IGFII protein translated from the common coding exons 7, 8 and 9 (grey). miR-483-3p and
miR-483-5p are transcribed from /GF2 intron 7 and H19 generates miR-675. (B and C) Graphic representation of relative expression levels of /GF2 and H19
RNAs determined using reverse transcription-quantitative PCR in ACC, ACA and normal adrenal tissue samples of (B) the present study cohort and (C)
employing the data from TCGA and GTEx. (D) Relative miRNA expression levels of miR-483-3p, miR-483-5p and miR-675 in the present cohort. P-values
<0.05 were considered to indicate statistically significant differences, as determined using the Mann-Whitney U-test. /GF2, insulin-like growth factor 2; ACC,
adrenocortical carcinoma; ACA, adrenocortical adenoma; TCGA, from The Cancer Genome Atlas; GTEx, Genotype-Tissue Expression.

analyses were two-tailed and P-values <0.05 were considered
to indicate statistically significant differences.

Results

Expression of RNAs and miRNAs from the IGF2-HI9 locus.
The RNA and miRNA transcripts generated from /GF2 and

H19 (Fig. 1A) were quantified using RT-qPCR in an extended
series of normal adrenal glands, ACAs and ACCs. The
results are illustrated in Fig. 1B-D. Elevated levels of IGF2
and decreased levels of H19 were observed in the majority of
ACC tissues as compared to ACA tissues and normal adrenals.
Concordant with the findings in the present cohort, the ACC
samples (n=77) in TCGA dataset also exhibited higher levels
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of IGF2 RNA and lower levels of H19, as compared to normal
adrenal glands from the GTEx (n=128) datasets. miR-483-3p
and miR-483-5p generated from IGF2 were both upregulated
in ACC vs. ACA and normal adrenals, as previously published
for a subset of the cases (27). miR-675 transcribed from H19
was underexpressed in ACC as compared to ACA and normal
adrenals.

A comparison of the RNAs and miRNAs analyzed in the
extended series of normal adrenal glands, ACA and ACC
revealed a moderately inverse correlation between IGF2
and HI9 (Fig. 2A). Strong positive correlations were found
between miR-483-3p and miR-483-5p and their host IGF2, as
well as between miR-675 and its host H19 (Fig. 2A). Similar
findings were subsequently revealed in TCGA dataset with 79
ACC cases (Fig. 2B). A weak inverse correlation, although not
statistically significant, was observed between H19 and IGF2.
Strong positive correlations were observed between /GF2 and
miR-483-3p and miR-483-5p, as well as between HI9 and
miR-675.

Comparative analysis of transcripts with the proteome.
Protein expression profiles determined using mass spec-
trometry for the 6 cases of ACA and 8 cases of ACC in the
screening series (41) were compared with the expression levels
of the RNAs (/GF2 and HI19) and miRNAs (miR-483-3p,
miR-483-5p and miR-675). The numbers of proteins over-
lapping with the various transcripts are illustrated in Venn
diagrams in Fig. 3A and B. In total, six proteins were associated
with both IGF?2 and miR-483-3p, 48 proteins were associated
with IGF2 and miR-483-5p, and 120 proteins were associated
with IGF2 and both miR-483-3p and miR-483-5p. Only four
proteins were associated with H19 and miR-675.

A comparison of the proteomics data with the expres-
sion of IGF2 or HI19 identified 222 proteins that correlated
with IGF2 (Table SIII) and 71 that correlated with HI19
(Table SIV). The proteomics data were also investigated
to identify proteins exhibiting an inverse expression to the
three miRNAs, since such proteins would represent poten-
tial targets. This identified seven proteins whose expression
inversely correlated with that of miR-483-3p, including
one predicted target using TargetScan 7.1 (Table SV). For
miR-483-5p, 101 inversely correlated proteins were revealed
including nine predicted targets (Table SII). For miR-675, 11
inversely expressed proteins were identified, including one
predicted target (Table SVI).

Among the 101 proteins that were inversely correlated with
miR-483-5p, 46 of them were differentially expressed between
ACA and ACC based on the proteomics data (Table SII). Based
on these 46 protein expression patterns, all ACC cases (apart
from ACC case no. 10) were clustered together and separated
from the ACA cluster (Fig. 3C). Using TCGA and GTEx
datasets, it was also observed that this 46-gene signature could
distinguish ACC from normal adrenal glands (Fig. 3D). GO
analysis of these 46 genes revealed a significant enrichment
of biological processes related to mitochondrial metabo-
lism (Fig. 3E). Notably, six proteins (NDUFV1, NDUFCI,
NDUFC2, NDUFB9, NDUFB3 and NDUFB?7) are subunits of
the mitochondrial respiratory chain complex I. Among these
six subunits, only NDUFCI is a predicted target of miR-483-5p
according to TargetScan 7.1.
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Protein expression of mitochondrial respiratory complexes
in adrenal cortical tissues. To further assess the association
between mitochondrial respiratory complexes and ACC, the
expression levels of mitochondrial respiratory complex I-V
were examined in nine adrenal glands, 10 ACA tissues and 10
ACC tissues using western blot analysis, and the total OXPHOS
antibody cocktail representing each of the complexes (Fig. 4A).
Of note, complex I and IV were lower in ACC compared to
ACA (P=0.009 and P=0.002, respectively; Fig. 4B). On the
other hand, complex I and III were higher in ACC compared to
adrenal glands (P=0.013 and P=0.008, respectively), whereas
they did not differ significantly compared to ACA (Fig. 4B).

To validate the involvement of complex I in ACCs,
NDUEFCI protein expression was also evaluated in an extended
series of clinical samples, consisting of 13 normal adrenal
glands, 25 ACA and 29 ACC samples (from 25 patients with
ACC), using western blot analysis (Fig. 4C). Concordantly,
NDUEFCI expression was lower in ACC compared to ACA and
normal adrenals (P=0.043 and P=0.046, respectively; Fig. 4D).
The inhibition of miR-483-5p, using anti-miR-483-5p, in the
NCI-H295R ACC cell line increased NDUFCI1 protein expres-
sion (Fig. 4E and F), suggesting a putative role of miR-483-5p
in mitochondrial respiratory activities.

Role of miR-483 in the cellular metabolism of ACC cells. To
further validate the effects of miR-483-5p on metabolic activi-
ties, the mitochondrial OCR and ECAR were measured using a
Seahorsesystem.The OCR profileexhibited asignificantdecrease
in the basal and maximum respiration upon the inhibition of
miR-483-5p, but not that of miR-483-3p, using anti-miR-483-5p
and anti-miR-483-3p, respectively (Fig. SA and B). Additionally,
ATP production generated from the mitochondrial respiration
was also lower in the cells transfected with anti-miR-483-5p,
compared to those transfected with anti-miR-483-3p or negative
control-transfected cells (Fig. 5B).

The measurement of the ECAR, an indicator of glycolysis,
revealed a decrease in basal glycolysis, glycolytic capacity
and reserve in the anti-miR-483-5p-transfected cells. Similar
effects were also observed upon the inhibition of miR-483-3p
(Fig. 5A and B). To obtain an overview of the bioenergetics
profile, the OCR vs. ECAR was plotted at basal conditions. As
illustrated in Fig. 5C, the cells in which miR-483-5p was inhib-
ited were least energetic, as demonstrated by lower respiration
and glycolysis rates, whereas the cells in which miR-483-3p
was inhibited were less glycolytic, but were similarly oxidative
as the anti-miR-CTR-transfected cells.

Discussion

Several studies have demonstrated that the overexpression of
IGF?2 is a very frequent alteration in ACC, which suggests a
role for this growth factor in ACC tumor development (4-6).
The present study further analyzed this alteration by measuring
RNA and miRNA transcripts from the /GF2 and H19 loci and
associated these results with global protein levels determined
using proteomics. The present study confirmed previous find-
ings (4,5) that IGF2 expression is elevated in ACC compared
to normal adrenal and to ACA. The higher transcription of
IGF2 was, as expected, paralleled by an increased expression
of miR-483-3p and miR-483-5p (hosted by IGF2) in ACC.
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Figure 2. Correlation analysis between the RNA expression levels of the host genes /GF2 and H19, and their hosted miRNAs miR-483-3p, miR-483-5p and
miR-675. (A) Results from the complete series of normal adrenal, ACA and ACC. (B) Correlation analyses of data for 79 ACC obtained from The Cancer
Genome Atlas. IGF2, insulin-like growth factor 2; ACC, adrenocortical carcinoma; ACA, adrenocortical adenoma.
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Figure 3. Comparative analysis of transcripts with the proteome in the screening cohort. (A and B) Venn diagrams illustrating the number of proteins overlap-
ping between (A) IGF2 and (B) H19 with miR-483-3p, miR-483-5p and miR-675, as determined using proteomics analysis as previously described (41).
(C) Clustering analysis of the 14 adrenocortical tumors (6 cases of ACA and 8 cases of ACC) using the 46 proteins that were inversely correlated with
miR-483-5p and differentially expressed between ACC and ACA. Samples were clustered using the Spearman's rank order correlation with complete linkage.
Red and green indicate relatively high and low expression, respectively. The cluster highlighted in orange consists of proteins related to mitochondrial metabo-
lism. Proteins associated with mitochondrial respiratory complex I are marked with an asterisk (). (D) Principal component analysis of the 77 cases of ACC
from The Cancer Genome Atlas and 128 adrenal glands from Genotype-Tissue Expression using the 46-gene signature corresponding to the proteins inversely
correlating with miR-483-5p and differentially expressed between ACC and ACA. (E) The 46-gene signature was functionally annotated and analyzed using
the PANTHER overrepresentation test with Bonferroni correction. /GF2, insulin-like growth factor 2; ACC, adrenocortical carcinoma; ACA, adrenocortical
adenoma.
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Figure 4. Expression levels of mitochondrial respiratory complexes in normal adrenals and adrenocortical tumors, and the effect of miR-483-5p on NDUFC1.
(A) Mitochondrial respiratory complexes I-V were evaluated in nine adrenal gland (N), 10 ACA and 10 ACC cases using western blot analysis. 3-actin used
on the same western blot was used for normalization, whereby the lower band corresponding to the expected ~42 kDa for (3-actin was used for quantification
and the upper band was the leftover signal from the Complex III band of the total OXPHOS antibody cocktail. (B) Graphs representing quantification of each
mitochondrial complexes in each sample group and the difference was evaluated using the Mann-Whitney U-test. (C) Western blot analysis of NDUFC1
in 13 adrenal gland, 25 ACA and 29 ACC samples (from 25 patients with ACC). -actin used on the same western blot was used for normalization. The
three blots shown in the lower panel were from the same blots used in panel A and their 3-actin blots are the same as those in panel A. (D) Quantification
of NDUFCI in each group from the blots shown in panel C. P-values were obtained using the Mann-Whitney U-test. (E) Reverse transcription-quantitative
PCR of miR-483-5p expression in the NCI-H295R ACC cells treated with anti-miR-CTR or anti-miR-483-5p. Error bars represent the SEM of the mean
from three independent experiments. P-values were obtained using the Student's t-test. (F) Upper panel, representative western blot image illustrating the
effects of anti-miR-483-5p and anti-miR-CTR on NDUFCI expression. 3-actin was used as a loading control. Lower panel, quantification of NDUFCI levels
in miR-483-5p inhibition. Error bars represent the SEM of the mean from nine independent experiments. P-values were calculated using the Student's t-test.
NDUFC1, NADH:ubiquinone oxidoreductase subunit C1; ACC, adrenocortical carcinoma; ACA, adrenocortical adenoma.
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Figure 5. Bioenergetic analysis of miR-483-3p or miR-483-5p inhibition in the NCI-H295R adrenocortical carcinoma cell line using Seahorse technology.
(A and B) OCR and extracellular acidification rate (EACR) were determined in the transfected cells following 72 h of transfection using the Mito Stress test or
Glycolysis Stress test, respectively. Values were normalized to total protein content in each well, which were collected after each assay. Error bars represent the
SD (n=2). P-values were determined using one-way ANOVA with Tukey's post hoc test. (C) Graph representing the mean OCR and ECAR of the transfected
cells at basal conditions. OCR, oxygen consumption rate; EACR, extracellular acidification rate.

It was also demonstrated that H19 expression was generally
higher in ACA compared to normal adrenal, and lower in
ACC compared to ACA and normal adrenals. This observa-
tion corroborates previous findings of low HI9 levels in some
hormonally active ACC (24). Furthermore, the expression of
miR-675 (hosted by HI19) correlated with HI9 levels in the
present cohort and in TCGA dataset.

In the ACC group, the concerted upregulation of IGF?2
together with miR-483-3p and miR-483-5p, as well as the
downregulation of H19 together with miR-675 was observed.

Each of these molecules could potentially contribute to ACC
development alone or cooperatively. The present study then
investigated protein expression profiles [obtained using mass
spectrometry (41)] of proteins from ACC and ACA, in order to
identify proteins that correlate with the transcription from the
HI19-IGF?2 locus. The correlation analysis of /IGF2 and HI9
transcripts with the proteome took into account both up- and
downregulated proteins. Mass spectrometry revealed a corre-
lation between /IGF2 mRNA and IGFII protein levels, as well
as an increased IGFII protein content in ACC (Table SIII),
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demonstrating that translation of increased /GF2 mRNAs
indeed occur in ACC. Among the 222 proteins overlapping with
IGF2 mRNA expression, 15 proteins (NDUFV1, ANTXRI,
RAB20, PTGR1, ECEIl, TNS1, MGST1, UGGT1, H6PD,
AOC3, TM9SF2, MGST2, SCAMP2, AUP1 and DNAJCI16)
were significantly downregulated in ACC compared to ACA
(Table SIII). One of these, NDUFV1, is associated with mito-
chondrial oxidative phosphorylation. This indicates that energy
metabolism is an important marker for the ACC phenotype.

The present study also applied IPA to the /IGF2 mRNA
correlated proteins, to elucidate their associations and ontology.
The top two molecular and cellular functions were energy
metabolism and lipid metabolism. Further IPA identified hepa-
tocyte nuclear factor 4A and TP53 as the top two upstream
regulators, both of which are central to cancer (Table SVII).
In addition, IPA suggested seven of the molecules (COX17,
NDUFV1, OGDH, PRDX3, TXN2, TXNRD2 and UQCRB)
to be associated with mitochondrial dysfunction (Table SVII).
Notably, one of the Weiss criteria for the classification of ACC
is the presence of <25% clear cells (46). Such tumors instead
have a majority of oxyphilic cells, which are characterized by
increased amounts of mitochondria (giving the positive eosin
staining). It is not known whether these mitochondria are
functional or whether they represent a compensatory increase
due to a defective mitochondrial function. The present study
also found 71 proteins that correlated with H19 expression,
and almost all exhibited a lower prevalence in ACC vs.
ACA (Table SIV). Of the 71 identified proteins, 23 displayed
significant differences between ACC and ACA. Of note, the
protein with the greatest difference between ACC and ACA
in association with H19 transcription is encoded by the potas-
sium channel gene KCNQI, which is imprinted and associated
with for example Beckwith-Wiedemann syndrome (47). Other
notable proteins are two mitochondrial NDUF (NADH dehy-
drogenase sub-complex) proteins, supporting the importance
of energy metabolism.

As it is assumed that the role of miRNAs is the nega-
tive regulation of target genes, the present study analyzed
the inverse correlation of these with the proteome. In total,
11 proteins correlated inversely with miR-675, one of which
was predicted as a target. This apoptosis-related protein,
tumor necrosis factor alpha-induced protein 2 (TNFAIP2),
is induced by tumor necrosis factor-a and associated with
various cancer types (48-50). miR-483-5p exhibited an inverse
correlation with 101 proteins. By contrast, its companion
miR-483-3p only negatively correlated with seven proteins.
Of note, all except two of these were found in the list of
proteins inversely correlating with miR-483-5p. However,
these two proteins (H6PD and UBE2G2) were not predicted
as targets using TargetScan 7.1. The PUMA, a potential
target of miR-483-3p in ACC (27), was not detected using
mass spectrometry. Among the proteins inversely correlating
with miR-483-5p, a group of mitochondrial proteins/enzymes
may be noted, such as members of the NADH dehydroge-
nase complex, as well as other mitochondrial molecules.
In total, 46 of the proteins with an inverse correlation with
miR-483-5p were differentially expressed between ACC
and ACA. This signature was also validated as a classifier
for ACC in independent cohorts using TCGA and GTEx
datasets. GO analysis revealed the enrichment of biological

processes related to mitochondrial respiration. In particular,
six subunits of mitochondrial respiratory complex I were
downregulated in ACC. The decreased expression of mito-
chondrial complex I was also validated in an extended series
of clinical samples using western blot analysis, suggesting the
deficiency of complex I in ACC. In line with these findings,
Kimmel ez al (51) previously demonstrated a poor oxygen
uptake by the tumor mitochondria of the rat ACC 494 model
using the tricarboxylic acid cycle substrates (a-ketoglutarate,
malate and isocitrate), which led them to propose that the
tumor mitochondria could be deficiency in the flavoprotein
dehydrogeneases for NADH and NADPH oxidation. Notably,
the effect of several anti-ACC drugs (mitotane, niclosamide
and ATR-101) is also tightly linked to the disruption of
mitochondrial function (52-54). In addition, a deficiency in
mitochondrial respiratory complex I has also been demon-
strated to promote tumor progression in other tumor types,
such as breast cancer and hepatoma (55,56).

One of the mitochondrial respiratory complex I subunits,
NDUFCI, is also a predicted target of miR-483-5p. The
expression of this target was upregulated upon miR-483-5p
inhibition. The involvement of miR-483-5p in mitochondrial
respiration was also supported by the Mito Stress Test using
the Seahorse technology. Additionally, the inhibition of
miR-483-5p also reduced glycolysis, which led to a low meta-
bolic state resembling cellular quiescence. These results are in
line with the observations that the inhibition of miR-483-5p
had no effect on cell proliferation or apoptosis in ACC (27,30).
Although the target(s) of miR-483-5p involved in glycolysis
remains unknown, the present study noted a common protein,
hexose-6-phosphate-dehydrogenase (H6PD), which inversely
correlated with both miR-483-3p and miR-483-5p. H6PD is an
enzyme that produces NAPDH in the endoplasmic reticulum
for glucose metabolism and glycolysis (57,58). Even though
this gene was not predicted as a target of miR-483-3p and
miR-483-5p by TargetScan 7.1, the possibility of H6PD as a
direct or indirect target of these miRNAs has not yet been
excluded.

The present data may be utilized to identify differentially
expressed molecules that may be developed into diagnostic
markers for the identification of ACC cases in the absence
of metastasis at the time of diagnosis. Furthermore, it may
potentially aid in the identification of those patients who could
benefit from adjuvant mitotane therapy (59,60). The main find-
ings of the present study were that correlations exist between
specific miRNA(s) and RNAC(s) in the IGF2-HI9 locus and the
proteomes of ACC and ACA. The patterns of RNA transcription
from this locus form specific networks of protein expression
that appear to be associated with ACC. The present study also
reveals a link of the IGF2-H19 locus to energy metabolism
and deficiency of mitochondrial respiratory complex I in ACC,
suggesting the importance of mitochondrial dysfunction and
IGF2-H19 regulatory network in ACC development.
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